Developing Climbing Robots for Education by K. Berns et al.
Developing Climbing Robots for Education
K. Berns, T. Braun, C. Hillenbrand, and T. Luksch
Robotics Research Lab, University of Kaiserslautern, Germany fberns, braun,
cahillen, lukschg@informatik.uni-kl.de
Summary. This paper presents a practical course that introduces students to the
development and construction of a mobile robotic system. Using a wheeled climbing
robot for metallic walls as an example, the course aims at teaching practical skills in
engineering as well as developing soft skills like project management and teamwork.
To increase motivation and allow the construction of a working system in the limited
time available during one university term, the students are provided with several
pre-made components and software tools. In the paper, the general structure of
the course is presented and the dierent deliverables are detailed along with the
supplied components. The paper ends with some example designs students came
up with during the rst time that the course was held in winter 2003/04 and an
evaluation of the learning eect that was achieved.
1 Introduction
A lab oered for students in the area of robotics should not only provide
them with technical knowledge about robots, but also give insights into the
general eld of robotics and some problems commonly encountered there.
Such a course should be challenging but fun to take and encourage students
to continue working in that area. The construction of a mobile robot is a topic
that is well suited for this task. Building a real robot requires engineering
skills like system design, noise tolerant signal processing and the development
of an adequate control structure. These fundamentals are rarely taught in the
usually theory-oriented courses in computer science.
Motivated by this, a practical course was developed that introduces stu-
dents to the development and construction of climbing robots. The goals of
the course are to familiarize the students with the design methodology needed
for the development of a complex robotic system, the practical problems aris-
ing during construction and team work within a medium sized project group.
The interdisciplinarity of the subject requires a course that can accomodate
students with various backgrounds and dierent skill levels. In section 3.1, the
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To present an interesting and active research area, the course focuses on
climbing machines. Because of the limited amount of time available during one
university term, the robot that should be built was chosen to be wheel-driven
and restricted to metallic walls, so that permanent magnets can be used for
adhesion. This type of robot can be constructed and controlled faster than
for example a legged climbing machine. A typical application for such a robot
could be cleaning or painting wall sections in an oce building. Even with this
type of robot, the design of a complete system from scratch is not feasible.
Therefore, the students are provided with several pre-made components and
use an existing software framework, which will be described in more detail in
section 3.2. Some results of the rst time the course was given are summarized
in section 4. The paper will close with a discussion of the learning eect
that was achieved and an evaluation of the benets and diculties that are
connected with such a course.
2 Related work
Robots have been an interesting topic for education for some time now. A
lot of dierent approaches exist, many of them based on commercial robotic
toolkits like the LEGO Mindstorms[2] set. One advantage of these kits is
that they reduce the amount of low-level 'hardware' work that needs to be
done so that even students without a background in mechanical or electrical
engineering can successfully design a functional robot. In [7], the outreach
program BotBall is presented which uses such a kit and focuses on an au-
dience of mid to high-school pupils and undergraduate students. A dierent
approach for university education is presented in [4]. This course is designed
for the education of students in electrical engineering and therefore sets a pri-
ority on the construction of robotic hardware instead of higher level control
software. The aspect of telematics and teleoperation, missing in many other
approaches, is considered in [5] and aiming at planetary exploration applica-
tions. An overview of dierent types of robots that can be used for educational
purposes is given in [3], while [1] presents a non-commercial toolkit for one
specic autonomous indoor wheel-driven robot.
3 Course Description
3.1 Concept
The time available for the course is approx. 19 weeks, with students working
one half to one full day per week on the term project. At the beginning of the
course, groups of 6 people each are formed. One project manager is elected,
who acts as spokesperson for the group and is in charge of organizing group
meetings, dening milestones and meeting deadlines. He is also responsible forDeveloping Climbing Robots for Education 3
enforcing a coding standard and the use of a version control system. Obliga-
tory group meetings take place on a weekly schedule, helping to detect both
technical and personal problems within the team[4]. For the actual implemen-
tation work, the formation of 2-person-subgroups is encouraged. This forces
students to specify interfaces between dierent aspects of the robot which
leads to a clearer and more explicit design.
The course is split into two parts. The rst part is an introduction to the
software framework and some of the supplied hardware components such as
sensors and motor electronics. It consists of ve small assignments with the
following topics:
1. introduction to the software framework Modular Control Architechture 2
(MCA2) [6]
2. implementation of a simple control program for a dierential drive
3. programming and simulation of a path planning algorithm
4. motor control with a CPLD
5. yaw angle calculation based on an inertial sensor
Each assignment has to be nished within one week and presented to
the teaching assistant along with a code inspection. This way, the students
learn how to use the software well and some of the produced code can also
be reused as a basic frame for the real robot, which saves precious time. In
addition, the assignments give group members the opportunity to estimate
their competence in the various aspects adressed, giving them a chance to
choose a suitable area of work for the second part of the course.
This second part takes about three quarters of the available time and deals
with the construction and programming of the climbing robot. The students
are given three application scenarios that the robot should be able to cope
with (see g 1). In the rst scenario, the robots task is to completely cover a
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Fig. 1. Three dierent application scenarios for the climbing robot. The dark shaded
areas represent obstacles, the light shaded area in 1(b) a 'forbidden region'.
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used algorithm should guarantee that no area is passed twice. This navigation
strategy is easy to motivate and could for example used by a wall painting
robot. The second scenario adds a forbidden area, a region whose position and
size is known a priori and which must not be crossed by the robot. This situ-
ation could occur for example when the robot needs to avoid door or window
openings. In the last scenario, the area to be covered is not known before-
hand. This implies that the robots needs to explore the environment using
its sensors. Some sort of path planning algorithm needs to be implemented in
a way such that the generated path covers as many free regions as possible
while avoiding obstacles and double crossings.
In addition to the application scenarios, each team is supplied with several
components (motor units, sensors, wheels etc.) that will be described in more
detail in section 3.2. There are no restrictions placed on the used algorithms
or construction details of the robots, as long as it is able to work in the
scenarios. This approach not only trains implementation skills, but also forces
the students to go through a specication phase and encourages them to
use their own creativity. During the second part of the course, there are no
deliverables or deadlines imposed on the students { it's their own responsibility
to organize their time and working force. Of course, the teaching assistants are
available during lab hours to answer questions and give technical advice. To
allow the students to work on the control software and the hardware setup of
the robot simultaneously, a basic simulation of a two-wheeled robot is provided
in MCA. This simulation does include realistic motor behaviour and odometry
data, but no other sensors, maps of the environment or higher level functions.
Still, using and enhancing this simulation, software subgroups are able to
implement behavioural algorithms for the climbing robot while the hardware
itself is being constructed by the hardware subgroups. This approach speeds
up the whole process signicantly.
During the last two weeks of the course, each student group has to prepare
a nal presentation, write a report and give a practical demonstration of
the robot. Grading is based on the quality of these deliverables and the ve
assignments.
3.2 Supplied Components
Each group of students is provided with a toolkit of hardware components
that contains (see g 3):
 1 wooden board
 1 board with a DSP and power+I/O electronics
 2 motor-and-gear units with wheels
 3 infrared sensors
 2 ultrasonic sensors
 4 permanent magnets with mountings
 1 inertial systemDeveloping Climbing Robots for Education 5
 2 bumpers
The controller board, which is under constant development in the robotics
lab at Kaiserslautern, consists of a Motorola DSP 564803 connected with a
CPLD, two DC Motor Control circuits and several A/D ports for the sensory
equipment. The motor units together with the chosen gears are able to gen-
erate a force of 40N at the contact point with the wall, while the encoders
generate 512 impulses per motor axis turn, which results in a very accurate
measurement of the wheel's rotation. The infrared sensors work in a range of
3-30 cm, while the ultrasonic sensors have a longer range. The magnets gen-
erate a force of 450N on contact with a metallic wall; this force drops to 20%
with an air gap of 1 mm and below 10% over 2 mm. This indicates that the
distances of the magnets need to be carefully adjusted. Table 3.2 lists possible
sources for the components. The price for one set totals up to about 1000 e,
but all components can be reused, so that the expense is acceptable.
Component Source Part No.
Motor Faulhaber 2657
Gear Faulhaber 26/1
Encoders Faulhaber IE2-512
Magnets Schramberg 01-9200038
IR-Sensors Sharp GP2D12/GP2D15
US-Sensors Murata MA40B8S/R
Inertial-Sys. Analog Devices ADXRS150/ADXL103
Table 1. Sources for the used components
4 Results
The practical course has been oered during the winter semester 2003/2004
at the University of Kaiserslautern and was taken by three groups of students
(20 students in total). All of them have succeeded in designing and building
a robot that moves along vertical walls in the robotics lab. Figure 2 shows
the mechanical setup of one robot developed by the students. In 2(a), the
position of the 4 permanent magnets is indicated by the grey squares. In 2(b),
the layout of the sensors is displayed; the two ultrasonic sensors are facing
in frontal and backwards direction, the three infrared sensors are placed left,
right and at the top of the robot and directed in a 45 degree angle towards
the wall. Figure 4 shows the assembled robot driving along a wall in the lab.
Unfortunately, the construction of a new controller board took place during
the practical course and was delayed because of unforeseen capacity problems
with the CPLD. Therefore, the controller was not available for the students
and the sensor data delivered by the infrared and ultrasonic sensors could not6 K. Berns, T. Braun, C. Hillenbrand, and T. Luksch
(a) Mechanical layout with
dierential drive and perma-
nent magnets
(b) Sensoric system with in-
frared and ultrasonic sensors
Fig. 2. CAD Layout of a robot developed by one student group.
Fig. 3. The components given to the
students
Fig. 4. An assembled climbing robot.
The sensors are only partially mounted
and not connected to the controller
be processed by the robot as planned. This forced the groups to work mainly
with the MCA-simulation (g. 5 shows a test run) and led to the removal of the
third application scenario from the deliverables. However, motor control and
odometric measurements were possible with an older version of the controller,
so that at the end of the course, at least the rst two scenarios could be
demonstrated.
After the initial specication of the robot, the prototypical implementation
of the basic algorithms in the MCA-simulation took place together with theDeveloping Climbing Robots for Education 7
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Fig. 5. Evaluation of a path planning algorithm in the MCA simulation. The cov-
ered area is marked in orange. For scenario 3, only a paper based simulation was
performed.
setup of the real hardware. As soon as the rst test runs were performed, sev-
eral unexpected eects occured, such as wall bending caused by the magnets,
unequal drift of the wheels for dierent driving directions etc. The groups
had to react to these eects by redesigning the robots (for example devis-
ing new positions for the magnets and reinforcing the robot frame) and the
navigational strategies. This way, the complex interaction between software,
hardware and the application scenario became obvious. The learning eect
achieved by the lab was substantial.
In spite of the problems encoutered, the students were highly motivated
throughout the course, spending a lot of time on developing and optimizing
their part and helping out other students when needed.
5 Conclusion
In this paper, a lab was presented that gives an introduction to the devel-
opment of service robots. The students taking this course did not only get
a good insight into robotics and learned technical skills, but also acquired
soft-skills like time management and teamwork. This is a key qualication for
the industry and certainly increases their chances of getting a good position
after university. Although the previous knowledge of many students was lim-
ited, the designed prototypes all were of high quality. This was made possible
through the use of pre-made components and a co-design approach for soft-
and hardware simultaneously, which left enough time for several redesigns.
This course also shows that the construction of a climbing robot is possible
given the limited time frame of one term.
Possible future work includes the integration of a new controller board so
that the sensors can be used by the robot, adding a power supply and a small8 K. Berns, T. Braun, C. Hillenbrand, and T. Luksch
pc-on-a-chip systen to make the robot autonomous and the inclusion of an
eector (for example, a liftable sponge) for painting or cleaning.
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